Norovirus (NV) infections are a frequent cause of gastroenteritis (GE), but data on this disease in immunocompromised patients are limited. We analysed an NVoutbreak, which affected immunosuppressed patients in the context of chemotherapy or hematopoietic stem cell transplantation (HSCT). Upon recognition, 7 days post admission of the index patient, preventive measures were implemented. Attack rates were only 3% (11/334) and 10% (11/105) among patients and staff members, respectively. The median duration of symptoms was 7 days in patients compared to only 3 days in staff members (p=0.02). Three patients died of the NV infection.
Introduction
Infections with norovirus (NV) are a dominating cause of gastroenteritis (GE) worldwide with great impact on public health. The clinical disease and its association with the winter season has been first described in 1929. 1 In 1945, the transmissibility of NV-GE from patients to healthy volunteers was recognised, but it was not until 1972 when virus particles were discovered in fecal specimens obtained during an outbreak in Norwalk, Ohio. 2 Until now, the NV is found to be refractory to replication in cell cultures or animal models, except for a study using a sophisticated, highly case defining criteria. 5, 6 Detection of NV-specific RNA in stool specimens by PCR is currently considered the standard to confirm the diagnosis of NV-GE. 7 Outbreaks of NV-GE display notoriously high attack rates, which is at least in part explained by a very low infectious dose (<20 viral particles) and easy transmission not only by contaminated food or fecal-oral route, but also through
For personal use only. on October 3, 2017 . by guest www.bloodjournal.org From infectious aerosols, which could be inhaled during nearby vomiting. 8, 9 Attack rates exceeding 50% have been reported during NV-GE outbreaks, resulting in ward closures and major disruption of hospital services. 10, 11 Symptoms of NV-GE typically appear with abrupt onset and are mostly limited to 1 -2 days in healthy individuals, but surveillance data indicate that the duration of symptoms is prolonged in hospitalized patients. 6, 12 In addition, a growing number of reports suggest that NV-GE could result in severe and, occasionally, life-threatening complications in immunocompromised patients associated with prolonged viral shedding. [13] [14] [15] [16] [17] However, clinical and virological characteristics of otherwise healthy individuals and immunocompromised patients have yet not been compared during a single outbreak caused by a particular NV strain.
During an outbreak of GE in our hematological and transplantation unit, which was caused by the predominant NV genotype II.4 variant strain, we recorded the pattern of disease among patients and staff members, the disease duration and severity, virological surveillance data, the attack rates and outbreak management.
Histo-blood group antigens on gastroduodenal epithelium have been identified as receptors for NV. 18 A low to absent susceptibility to NV infections has been recognised among individuals with particular histo-blood group characteristics, i.e. 
Patients and Methods
Hospital structure and staffing patterns. The outbreak occurred in the department of hematology and oncology of a 1057-bed tertiary center, which consisted in a closed transplantation unit and a 50-bed ward for patients with cancer or hematological diseases, both separated from facilities for general medical patients. None of the patients nursed in the transplant unit were affected, but some patients with autologous HSCT and patients with stable engraftment and without intensified immunosuppressive therapies after allogeneic HSCT, who were treated outside the transplant unit, together with patients with cancer or hematological diseases, acquired NV-GE. Outside the transplant unit, lavatories were separately available in two single rooms but were otherwise shared by patients from two neighboring double rooms.
Except for a single physician during night shift duty and trained cleaning staff, there were no common staff responsibilities in-and outside the transplant unit.
However, staff member duties outside the transplant unit included care for patients with cancer, hematological diseases or autologous HSCT as well as stable patients after allogeneic HSCT.
Hygiene measures and case definitions. Before this outbreak, standard hygiene practises included reverse isolation of patients with neutropenia or intensified immunosuppressive therapies (e.g., high dose steroids) with the use of negative results from stool specimen testing for NV-specific RNA were available. In patients with NV-GE confirmed by PCR testing, isolation and preventive measures were continued for at least 48 hours beyond complete resolution of symptoms of GE.
All contact patients were also transferred to the isolation ward and observed in a similar fashion for at least 48 hours with screening for NV RNA in stool specimens.
Staff members with symptoms of GE were immediately set off duty until they were without symptoms for at least 48 hours. All individuals with symptoms of GE were classified according to established outbreak and case-defining criteria. 5, 6 For personal use only. on October 3, 2017. by guest www.bloodjournal.org From Data collection and statistical analyses. Patient and staff member data were collected prospectively. Staff members were requested to complete questionnaire forms about symptoms and clinical signs. In all patients with suspected NV infection, clinical signs and symptoms of GE were recorded. In addition, patient files were reviewed in order to obtain clinical (e.g., underlying diseases, ongoing and previous therapeutic interventions, immunosuppressive therapy or medication) and laboratory data (e.g., neutrophil count, histo-blood group typing, microbiological findings in stool specimens). Patient and staff member data were anonymised and filed after Charité ethical committee approval was obtained.
Categorical and continuous variables were compared by Fisher's exact and Mann-Whitney test, respectively. Kaplan-Meier plots were also produced and timedependent variables were analysed using the Log-rank test. Calculations were performed using Prism statistical software (GraphPad Software Inc., San Diego, CA).
Norovirus detection. Stool samples were screened for NV-specific RNA by real-time PCR located in the junction between ORF 1 and ORF 2 of the NV genome as previously described. 21 Identification of the NV genotype was done by a nested RT-PCR approach targeting the RNA polymerase gene within the open reading frame 1 with subsequent sequencing of PCR products. 22 Stool specimens from all symptomatic individuals were screened at least once for NV-specific RNA by realtime PCR. To investigate the duration of viral shedding in patients with confirmed
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Histo-blood group and secretor status typing. Phenotyping of ABO histoblood group characteristics in patients were available from previously performed standard serological testing using red blood cells and serum. In patients with allogeneic HSCT, full information on ABO histo-blood group characteristics of donors and recipients were available. In staff members without prior information on ABO histo-blood group characteristics (e.g., from previous blood donation), ABO phenotyping was done with informed consent using red blood cells and bed-side testing cards containing anti-A and anti-B monoclonal antibodies (Medtro GmbH, Leimen-Gau, Germany).
The secretor gene status in patients was identified by using stored peripheral blood, bone marrow cells or isolated DNA, which were in patients with allogeneic HSCT always obtained prior transplantation. The embryonic epithelial cell line INT-407 harboring FUT2 polymorphism associated with a nonsecretor phenotype served as a control. FUT2 genotyping that predicts the secretor status was done by PCR with sequence specific priming as described previously. intestinal GvHD and subsequently, protracted intestinal GvHD (1-2 bowel movements per day) requiring chronic immunosuppressive therapy with cyclosporine and methylprednisolone (8mg per day). The current hospital admission was required due to disorientation, which was caused by dehydration and cyclosporine accumulation. Three days after admission, symptoms of GE, i.e. emesis and diarrhea, occurred. Stool specimens were negative for bacterial and parasitic agents and symptoms were first considered to be caused by intestinal GvHD. Within 6 days after admission of the index patient and before the NV outbreak was confirmed, 4 other patients developed vomiting and diarrhea with abrupt onset, which prompted laboratory screening for NV-GE. On day 5 after admission of the index patient, her roommate (secondary patient) developed emesis and diarrhea, after being referred on day 4 to another room. The roommate of this secondary patient (tertiary patient) developed symptoms of GE on day 6. Another two patients nursed in the adjacent room and who shared the lavatory with the secondary and tertiary patient, became symptomatic also on day 6. On day 7, results from PCR testing were available and confirmed presence of a NV outbreak. Overall, the likely modes of transmission were inhalation of infectious aerosols during nearby vomiting in 5 patients and 5 staff members and fecal-oral through lavatory sharing in 2 patients. The routes of transmission in the remaining 4 patients and 6 staff members remained less clear, but person-to-person transmission via fecal-oral route appeared likely. We were unable to identify obvious breaks in hygiene practices. However, 6 of 11 staff members with NV-GE developed their first symptoms 3 days or later after NV was identified by PCR, which makes at least occasional breaks or less strict adherence to the modified hygiene policies likely.
Further investigations revealed that the index patient was previously treated in a rehabilitation center where an outbreak of NV-GE was recorded, indicating the likely source of the infection. During this outbreak no other hospital facilities recorded cases of NV-GE making a food-or water-borne source of this outbreak from our hospital facilities unlikely.
Upon recognition that this cluster of GE was caused by NV, additional hygiene measures were implemented. Patients with nausea, vomiting or diarrhea and contact patients (roommates or those who had shared lavatories with symptomatic patients) were immediately transferred to an isolation ward and nursed in single rooms until negative results from stool specimen testing for NV-specific RNA were available. In patients with NV-GE confirmed by PCR, isolation and preventive measures were continued for at least 48 hours beyond complete resolution of symptoms. The total Clinical characteristics of patients and staff members. Overall, 26 patients and 11 staff members experienced vomiting, diarrhea or both during the outbreak. Of these, NV-GE was confirmed by PCR in 11 patients and 11 staff members. Affected staff members were younger and otherwise healthy compared to patients ( Table 1 ).
The underlying diseases among the 11 patients with confirmed NV-GE were acute leukemia (n=5) and malignant lymphoma (n=6: B-CLL 3, diffuse large cell lymphoma 2, lymphoblastic B-cell lymphoma 1). A single patient with B-CLL had been treated only with rituximab monotherapy until 4 month prior to the occurrence of NV-GE (Table 1) . Polychemotherapy had been administered to 5 patients 4 to 56 days (median: 19 days) prior to the onset of NV-GE. Two patients with autologous HSCT were roommates and experienced vomiting and diarrhea during conditioning BEAM chemotherapy or shortly thereafter (days -1 and -7). Another 3 patients had received allogeneic HSCT 71, 72 and 210 days prior to onset of NV-GE. Overall, 7 patients had neutropenia (neutrophil count <0.5/nL) at the onset of symptoms (Table 1) .
For
There was no difference in ABO types between patients and donors (O 10, A 9, B 2, AB 1). Genotyping for the Secretor status in the 11 patients with confirmed NV-GE revealed always a homozygous Se/Se (n=4) or heterozygous Se/se (n=7) FUT2 polymorphism predicting a Secretor positive phenotype (Table 1) .
Outbreak and case defining criteria. Clinical outbreak criteria were fulfilled with a ≥ 50% frequency of vomiting not only in patients with confirmed NV-GE, but also in patients without NV-GE (73% of patients with vomiting in both groups; Table   2 ). The median duration of illness was longer in patients with confirmed NV-GE (7 days) than the median 12 -60 hour disease duration proposed by commonly accepted outbreak-defining criteria. 5 Microbiological testing of stool specimens was done in 8 patients with confirmed NV-GE and 11 patients without NV-GE, which gave always negative results except in 4 patients without NV-GE (Table 2) . Casedefining criteria, designed for hospital patients, were always fulfilled in patients with confirmed NV-GE. 6 However, these case-defining criteria were also fulfilled in up to 10 of 15 (67%) patients with symptoms of GE not caused by NV (Table 2) .
Symptoms and complications. Diarrhea and vomiting occurred in the majority of patients and staff members with confirmed NV-GE. However, in 6 patients compared to only 1 staff member fever was recorded ( Table 1 ). The median duration of symptoms in affected patients was significantly longer compared to staff members (7 versus 3 days, p=0.02; Table 1 and Figure 1 ).
The severity of symptoms in patients varied largely and ranged from subtle and slowly progressive in the index patient to severe in 2 patients with BEAM chemotherapy and autologous HSCT. In one of these latter 2 patients, bowel perforation was suspected due to severe abdominal pain and tenderness. In this particular patient, an abdominal CT-scan disclosed extensive and pronounced edema of the small bowel sparing other parts of the gastrointestinal tract (Figure 2) .
A similar small bowel edema was seen in CT-series in another patient who developed NV-GE with acute abdomen after high-dose methotrexate-based polychemotherapy. The other patient with BEAM chemotherapy and autologous HSCT suffered from continuous retching, which was refractory to intensified antiemetic therapy. Unfortunately, this patient experienced severe aspiration resulting in hypoxic brain damage and death 11 days after onset of NV-GE. Another 2 patients experienced fatal sepsis 17 and 49 days after onset of symptoms of NV-GE. The first of these latter two patients showed profound neutropenia (neutrophil count: 0.03/nL) after intensified chemotherapy for acute myeloid leukemia and at the onset of NV-GE. Subsequently, this patient experienced fatal sepsis despite broadspectrum antibacterial and antifungal therapy (repetitive blood cultures were negative). The other patient, who had received allogeneic HSCT 2 month prior to the NV infection, E. coli was repeatedly recovered from the blood stream without any 
The median interval between onset of symptoms until documented cessation of viral shedding (first negative RT-PCR) was 36 days (range: 9 -118 days).
Endoscopic findings. Endoscopy of the upper gastrointestinal tract was done in 3 patients with allogeneic HSCT and showed a normal appearance of the gastric mucosa in 2 patients and a pangastric erythema in the remaining patient. In all patients, the endoscopic appearance of the duodenal mucosa was unremarkable.
Two patients with allogeneic HSCT underwent additional sigmoidoscopy, which showed petechial lesions in one patient (low platelet counts, no biopsy taken) and a normal appearance of the mucosa in the other patient. For personal use only. on October 3, 2017. by guest www.bloodjournal.org From
Discussion
Norovirus infection is among the most frequent causes of infectious gastroenteritis worldwide and outbreaks could result in major disruption of hospital services. The disease in otherwise healthy individuals is self-limiting and of short duration, but growing numbers of case reports and retrospective analyses indicate that immunocompromised patients with NV-GE experience a prolonged and more severe illness. [13] [14] [15] [16] [17] However, a study documenting the disease severity in adult patients after chemotherapy or allogeneic HSCT in comparison to healthy individuals was missing.
Norovirus GE is very easily transmitted with a very low infectious dose (<20 viral particles), including transmission through inhalation of infectious aerosols during nearby vomiting. 8 Noteworthy, we recorded a low overall attack rate, which was significantly lower among patients compared to staff members (3% versus 10%).
These low attack rates contrast results from a recently published analysis, which demonstrated a median >32% patient attack rate recorded during 21 hospital outbreaks. 24 This large difference might be explained by the early identification of NV in this study and the more carefully applied standard hygiene procedures established in the care of severely immunocompromised patients. We recorded prolonged viral shedding in patients beyond the resolution of symptoms, which is in line with previous observations. 13, 14, 17 However, we did not observe further transmission of NV from any patient beyond a 48-hour asymptomatic interval, which suggests that transmission from immunocompromised hosts with prolonged shedding is uncommon. All NV infected patients had a Secretor positive phenotype, which expresses the carbohydrate H type 1 known as a target structure for NV binding.
Thus, it remains unclear whether severely immunocompromised patients with
Secretor negative phenotype display any enhanced susceptibility to infection by NV genogroup II.
In a recently published analysis of 12 patients with allogeneic HSCT and epidemiologically unrelated NV-GE, the median duration of illness was remarkably longer compared to our study (3 months versus 7 days). 14 In this previously published series of patients with allogeneic HSCT, one patient died due to malnutrition after more than one year with unresolved NV-GE compared to 3 patients in our study with NV-related deaths, which occurred within 49 days after onset of symptoms. In our study, only 3 patients had received allogeneic HSCT and the majority of patients acquired the NV infection during chemotherapy-induced neutropenia. It appears therefore likely that T-cell directed immunosuppressive therapies after allogeneic HSCT promote chronic NV infections with prolonged diarrhea and wasting, whereas recent chemotherapy and neutropenia enhance the disease severity and the likelihood of life-threatening complications. In the previously published series of patients with NV-GE after allogeneic HSCT, the median time from
For personal use only. on October 3, 2017. by guest www.bloodjournal.org From onset of symptoms until the diagnosis was established widely ranged from 0.25 to 6 months, 14 which illustrates to some extent the diagnostic dilemma in patients with diarrhea after allogeneic HSCT. Diarrhea is a frequent complication after HSCT and might be caused by the conditioning therapy, intestinal GvHD or infectious agents, or could also be drug-related (e.g., mycophenolate mofetil). In a previously published study with HSCT patients, 22 (79%) of 28 patients with allogeneic HSCT experienced diarrhea sometime after the transplantation procedure. Most diarrheal episodes occurred early (i.e. within 20 days after transplantation) and in none of these episodes an infectious agent was identified. 25 Four of these 22 allogeneic HSCT recipients experienced diarrhea later than 20 days after transplantation, which was always caused by viral infections (rotavirus 3, adenovirus 1). However, screening did not include NV in this study. 25 We found a significantly prolonged duration of symptoms in patients compared to staff members, which clearly confirms findings from previously published, noncomparative reports on patients with various immunocompromising conditions and NV-GE. [13] [14] [15] [16] [17] In this outbreak, the maximum duration of symptoms among patients was limited to 36 days, but profuse diarrhea with wasting lasting up to more than one year has been previously observed in allogeneic HSCT patients with delayed diagnosis of NV-GE. 14 Importantly, we observed severe to fatal complications, which were clearly attributable or likely caused by the NV infection. Two patients with For personal use only. on October 3, 2017. by guest www.bloodjournal.org From histopathological pattern in the same patients during acute GvHD and prior to the onset of NV-GE. 33 Our data demonstrate that NV infections cause severe disease and fatal outcomes in patients after chemotherapy and HSCT. Meticulous isolation may reduce transmission of NV and such enhanced hygiene measures should always be implemented at first suspicion of an NV outbreak in health care facilities with immunocompromised patients, while the laboratory screening for NV in risk patients is pending. Based on these experiences we maintained our modified hygiene strategy in suspicious cases and incorporated routine testing for NV and other enteric viral pathogens into the diagnostic algorithm. For personal use only. on October 3, 2017. by guest www.bloodjournal.org From
